Abstract: Rotaxanes consisting of achiral axle and achiral ring components can possess supramolecular chirality due to their unique geometrical architectures. To synthesize such chiral rotaxanes, we adapted a prerotaxane method based on aminolysis of a metacyclophane type prerotaxane that had planar chirality, which is composed of an achiral stopper unit and a crown ether type ring component. The prerotaxanes were well resolved using chiral HPLC into a pair of enantiomerically pure prerotaxanes, which were transferred into corresponding chiral rotaxanes, respectively. Obtained chiral rotaxanes were revealed to have considerable enantioselectivity.
Introduction
The discoveries of a crown ether and a very stable complex formation with a metal cation by C. J. Pedersen [1] in 1967, following neologisms of the "Host-guest chemistry" by D. J. Cram [2] , and that of the "Supramolecular chemistry" by J. M. Lehn [3] , showed the importance of interaction between molecules, were tremendously influential and initiated a huge amount of researches. Nobel prize of chemistry was awarded to these researchers in 1987. Many crops from this field of chemistry were industrialized such as ion sensors, ion selective membranes, and electrodes [4] [5] [6] [7] [8] [9] , which were contributed by ion recognition initiated by C. J. Pedersen and chiral selectors for chromatography [10] [11] [12] [13] [14] [15] initiated by the contribution of D. J. Cram's chirality recognition technology [16, 17] . Research topics such as chiral shift reagents for the determination of enantiomeric excess of chiral substance [18] , besides the reagents for the determination of absolute configuration [19, 20] , chiral indicators [19, [21] [22] [23] [24] , and rapid chirality detection method using chiral hosts by means of mass spectrometry [25, 26] , as well as other well established methods [27] [28] [29] have long fascinated many researchers.
In the late 1980s, fabrications of molecular assemblies using inter-and/or intramolecular interactions of molecular components came under the spotlight. Typical examples are the syntheses of catenanes, rotaxanes, and molecular knots [30] . The emergence and excellent development of supramolecular methods make the syntheses of supramolecules much more effective, with a higher chemical yield [31] [32] [33] [34] [35] than before [36] . Covalent methods [37] , which were not thought to be versatile for the synthesis of interlocked molecules, were also well developed [38, 39] . One of the applications in this field of chemistry is to make the smallest machines at molecular level using fabrications of molecular components. The Nobel prize in chemistry was awarded to three researchers working in this field: J.-P. Sauvage [40] , Sir J. F. Stoddart [41] , and B. L. Feringa [42] in 2016.
Chiral interlocked molecules provide unique three-dimensional, valuable-binding circumstances capable of chirality recognition of guests. However, the application of interlocked hosts for chirality recognition has been largely overlooked, especially the recognition by hosts with mechanical chirality. A rotaxane has a mechanically interlocked architecture consisting of a dumbbell-shaped axle component that is threaded through a ring component. Rotaxanes consisting of achiral axle components that have C∞v symmetry and achiral ring components that have Cs symmetry can be chiral, caused by their geometrically specific architectures. In Figure 1 , an enantiomeric pair of rotaxanes with the specific chirality composed of a C∞v axle and a Cs ring components is shown. Rotaxanes with the specific chirality can be expected as new molecular platforms [43] [44] [45] for asymmetric catalysts, chiral sensors [27] [28] [29] , etc. However, it is difficult to synthesize such rotaxanes as optically pure forms [46] . In order to synthesize such rotaxanes with the rotaxane-specific chirality in an optically pure form, we applied our prerotaxane method [39] , in which a rotaxane can be synthesized via backside attack of a stopper unit to a prerotaxane with planar chirality composed of an achiral stopper unit and a Cs ring component (Scheme 1). In order to investigate binding properties of the rotaxanes that have a mechanically interlocked chirality as host compounds, precise evaluation of the enantioselective complexation ability of the rotaxanes with chiral guests were carried out. 
Materials and Methods
Compound 1 prepared using hydroquinone mono-methoxymethyl ether as starting material according to previously reported procedures [47] [48] [49] was used. All other compounds and reagents were obtained from commercial suppliers and used as received. CH2Cl2 and THF were dried by a Glass Contour solvent purification system prior to use. Melting points were measured with a hotstage apparatus equipped with a thermometer. 1 H NMR spectra were recorded with a JEOL GSX-270, a Varian Mercury 300, or a JEOL AL-400 spectrometer for solutions in CDCl3 or C6D6 with SiMe4 as an internal standard and J values given in Hz. 13 C NMR spectra were recorded at 75.5 MHz with a JEOL GSX-270 spectrometer, and chloroform (δ C 77.0) was used as a chemical shift reference. Multiplicities for 1 H NMR spectra are as follows: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). Multiplicities for 13 C NMR spectra are as follows: primary (1°), secondary (2°), tertiary (3°), and quaternary (4°). IR spectra were measured on a JASCO FT/IR-410 spectrophotometer. Circular dichroism spectra were measured using a JASCO J-805 spectropolarimeter, and θ values are given in units of mdeg. MS spectra were recorded with a JEOL JMS-700 spectrometer. Preparative chemical yield [31] [32] [33] [34] [35] than before [36] . Covalent methods [37] , which were not thought to be versatile for the synthesis of interlocked molecules, were also well developed [38, 39] . One of the applications in this field of chemistry is to make the smallest machines at molecular level using fabrications of molecular components. The Nobel prize in chemistry was awarded to three researchers working in this field: J.-P. Sauvage [40] , Sir J. F. Stoddart [41] , and B. L. Feringa [42] in 2016. Chiral interlocked molecules provide unique three-dimensional, valuable-binding circumstances capable of chirality recognition of guests. However, the application of interlocked hosts for chirality recognition has been largely overlooked, especially the recognition by hosts with mechanical chirality. A rotaxane has a mechanically interlocked architecture consisting of a dumbbell-shaped axle component that is threaded through a ring component. Rotaxanes consisting of achiral axle components that have C∞v symmetry and achiral ring components that have Cs symmetry can be chiral, caused by their geometrically specific architectures. In Figure 1 , an enantiomeric pair of rotaxanes with the specific chirality composed of a C∞v axle and a Cs ring components is shown. Rotaxanes with the specific chirality can be expected as new molecular platforms [43] [44] [45] for asymmetric catalysts, chiral sensors [27] [28] [29] , etc. However, it is difficult to synthesize such rotaxanes as optically pure forms [46] . In order to synthesize such rotaxanes with the rotaxane-specific chirality in an optically pure form, we applied our prerotaxane method [39] , in which a rotaxane can be synthesized via backside attack of a stopper unit to a prerotaxane with planar chirality composed of an achiral stopper unit and a Cs ring component (Scheme 1). In order to investigate binding properties of the rotaxanes that have a mechanically interlocked chirality as host compounds, precise evaluation of the enantioselective complexation ability of the rotaxanes with chiral guests were carried out. 
Compound 1 prepared using hydroquinone mono-methoxymethyl ether as starting material according to previously reported procedures [47] [48] [49] was used. All other compounds and reagents were obtained from commercial suppliers and used as received. CH2Cl2 and THF were dried by a Glass Contour solvent purification system prior to use. Melting points were measured with a hotstage apparatus equipped with a thermometer. 1 H NMR spectra were recorded with a JEOL GSX-270, a Varian Mercury 300, or a JEOL AL-400 spectrometer for solutions in CDCl3 or C6D6 with SiMe4 as an internal standard and J values given in Hz. 13 C NMR spectra were recorded at 75.5 MHz with a JEOL GSX-270 spectrometer, and chloroform (δ C 77.0) was used as a chemical shift reference. Multiplicities for 1 H NMR spectra are as follows: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). Multiplicities for 13 C NMR spectra are as follows: primary (1°), secondary (2°), tertiary (3°), and quaternary (4°). IR spectra were measured on a JASCO FT/IR-410 spectrophotometer. Circular dichroism spectra were measured using a JASCO J-805 spectropolarimeter, and θ values are given in units of mdeg. MS spectra were recorded with a JEOL JMS-700 spectrometer. Preparative Scheme 1. Key step of our rotaxane synthesis of covalent method via S N 2 reaction with a prerotaxane with planar chirality and stopper unit.
Compound 1 prepared using hydroquinone mono-methoxymethyl ether as starting material according to previously reported procedures [47] [48] [49] was used. All other compounds and reagents were obtained from commercial suppliers and used as received. CH 2 Cl 2 and THF were dried by a Glass Contour solvent purification system prior to use. Melting points were measured with a hot-stage apparatus equipped with a thermometer. 1 H NMR spectra were recorded with a JEOL GSX-270, a Varian Mercury 300, or a JEOL AL-400 spectrometer for solutions in CDCl 3 or C 6 D 6 with SiMe 4 as an internal standard and J values given in Hz. 13 C NMR spectra were recorded at 75.5 MHz with a JEOL GSX-270 spectrometer, and chloroform (δ C 77.0) was used as a chemical shift reference. Multiplicities for 1 H NMR spectra are as follows: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). Multiplicities for 13 C NMR spectra are as follows: primary (1 • ), secondary (2 • ), tertiary (3 • ), and quaternary (4 • ). IR spectra were measured on a JASCO FT/IR-410 spectrophotometer. Circular dichroism spectra were measured using a JASCO J-805 spectropolarimeter, and θ values are given in units of mdeg. MS spectra were recorded with a JEOL JMS-700 spectrometer. Preparative GPLC was performed with JAI LC-908 on JAIGEL 1H and 2H columns with CHCl 3 as a solvent. Elemental analyses were carried out by using a Perkin-Elmer 2400II analyser. Analytical thin layer chromatography (TLC) was performed using precoated silica gel plates (Merck Kieselgel 60 F254). Preparative column chromatography was carried out using Fuji Silysia BW-300 silica gel (SiO 2 ; 0.038-0.075 mm) with the indicated solvents, which were mixed v/v as specified.
2-1 Synthetic Procedures and Characterization of Racemic Prerotaxanes (rac)-3
Into a solution of 1 (98.9 mg, 142 µmol) in dry THF (3.5 mL) and KO t Bu (55.6 mg, 495 µmol), 3,5-dinitrobenzoyl chloride (131 mg, 568 µmol) was added with stirring under a nitrogen atmosphere. After 2 h stirring at room temperature, the solvent was evaporated under reduced pressure. The residue was extracted with chloroform. The organic layer was washed with brine. After being dried over anhydrous MgSO 4 , the solvent was removed under reduced pressure. 
2-5 Synthetic Procedures and Characterization of Rotaxanes 5 2nd
Into a solution of 3 2nd (3. 
Results and Discussion
We planned to synthesize rotaxanes 5 and the enantiomer as target chiral rotaxanes by way of prerotaxanes 3 with planar chirality followed by aminolysis with bulky amine 4 as shown in Scheme 2. This versatile covalent method to synthesize rotaxane consists of two steps: first, esterification of a phenolic crown ether with an acid chloride; second, aminolysis with an amine compound having a bulky group.
Prerotaxanes 3 were prepared from a phenolic pseudo-crown ether 1 and a 3,5-dinitrobenzoyl chloride in the presence of KO t Bu in THF. Optical resolution of obtained racemic prerotaxane (rac)-3 was performed by preparative chiral HPLC on Daicel CHIRALFLASH IA. Chromatograms of (rac)-3, resolved 3 1st , and 3 2nd were shown in Figure 2 . (rac)-3 was well resolved into 3 1st and 3 2nd . In Figure 3 , CD (a) and UV-visible (b) spectra of 3 1st and 3 2nd are shown. The CD spectra of 3 1st and 3 2nd are mirror images each other. In general, chirality that appeared in mechanically interlocked systems is attractive due to its unique structure having large and flexible asymmetric field owing to the high mobility of the components. However, the determination of the absolute configuration is therefore difficult when applying chromophore sector rules on CD spectal data [50, 51] . Because absolute structures of these enantiomers 3 were not determined in this stage, resolved prerotaxanes were denoted as 3 1st and 3 2nd according to the eluted order in this condition. Prerotaxanes 3 were prepared from a phenolic pseudo-crown ether 1 and a 3,5-dinitrobenzoyl chloride in the presence of KO t Bu in THF. Optical resolution of obtained racemic prerotaxane (rac)-3 was performed by preparative chiral HPLC on Daicel CHIRALFLASH IA. Chromatograms of (rac)-3, resolved 31st, and 32nd were shown in Figure 2 . (rac)-3 was well resolved into 31st and 32nd. In Figure  3 , CD (a) and UV-visible (b) spectra of 31st and 32nd are shown. The CD spectra of 31st and 32nd are mirror images each other. In general, chirality that appeared in mechanically interlocked systems is attractive due to its unique structure having large and flexible asymmetric field owing to the high mobility of the components. However, the determination of the absolute configuration is therefore difficult when applying chromophore sector rules on CD spectal data [50, 51] . Because absolute structures of these enantiomers 3 were not determined in this stage, resolved prerotaxanes were denoted as 31st and 32nd according to the eluted order in this condition. Prerotaxanes 3 were prepared from a phenolic pseudo-crown ether 1 and a 3,5-dinitrobenzoyl chloride in the presence of KO t Bu in THF. Optical resolution of obtained racemic prerotaxane (rac)-3 was performed by preparative chiral HPLC on Daicel CHIRALFLASH IA. Chromatograms of (rac)-3, resolved 31st, and 32nd were shown in Figure 2 . (rac)-3 was well resolved into 31st and 32nd. In Figure  3 , CD (a) and UV-visible (b) spectra of 31st and 32nd are shown. The CD spectra of 31st and 32nd are mirror images each other. In general, chirality that appeared in mechanically interlocked systems is attractive due to its unique structure having large and flexible asymmetric field owing to the high mobility of the components. However, the determination of the absolute configuration is therefore difficult when applying chromophore sector rules on CD spectal data [50, 51] . Because absolute structures of these enantiomers 3 were not determined in this stage, resolved prerotaxanes were denoted as 31st and 32nd according to the eluted order in this condition. For preparation of optically pure rotaxane 5, aminolyses of corresponding enantiomeric pure prerotaxanes 3 were carried out. A mixture of a prerotaxane 3 and amine 4 in benzene was stirred at room temperature. Because the aminolysis proceeds via the nucleophilic attack of amino group of 4 from the backside of the crown ether ring of prerotaxanes 3 as shown with dotted arrow in Scheme 2, the corresponding rotaxanes 5 were afforded from a pair of enantiomerically pure prerotaxanes 3, respectively. The reactions of the resolved prerotaxanes 31st and 32nd with amine 4 proceeded quantitatively in C6D6 to give corresponding rotaxanes 51st and 52nd, respectively. The residue after For preparation of optically pure rotaxane 5, aminolyses of corresponding enantiomeric pure prerotaxanes 3 were carried out. A mixture of a prerotaxane 3 and amine 4 in benzene was stirred at room temperature. Because the aminolysis proceeds via the nucleophilic attack of amino group of 4 from the backside of the crown ether ring of prerotaxanes 3 as shown with dotted arrow in Scheme 2, the corresponding rotaxanes 5 were afforded from a pair of enantiomerically pure prerotaxanes 3, respectively. The reactions of the resolved prerotaxanes 3 1st and 3 2nd with amine 4 proceeded quantitatively in C 6 D 6 to give corresponding rotaxanes 5 1st and 5 2nd , respectively. The residue after removal of the solvent in the reaction mixture was subjected to GPLC and/or column chromatography on silica gel to give rotaxane 5 1st and 5 2nd without producing any dumbbell compound 6 and crown ether 1. The efficiency of the reaction was easily monitored by 1 H NMR. The aminolysis by the backside attack of amine 4 took place selectively. 1 H NMR spectra of a reaction mixture of aminolysis of 3 are shown in Figure 4 . H A signal of prerotaxane 3 (H A (3)) at 9.02 ppm decreased with increasing H A signal of rotaxane 5 (H A (5)) at 8.69 ppm without producing any ring compound 1, e.g., H a and H b signals at 5.02 and 4.60 ppm were not observed. Reaction proceeded fast (t 1/2 : 20 min) and selectively (rotaxane selectivity: >99%). Actually, 5 was obtained in high isolated yield (84%).
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For preparation of optically pure rotaxane 5, aminolyses of corresponding enantiomeric pure prerotaxanes 3 were carried out. A mixture of a prerotaxane 3 and amine 4 in benzene was stirred at room temperature. Because the aminolysis proceeds via the nucleophilic attack of amino group of 4 from the backside of the crown ether ring of prerotaxanes 3 as shown with dotted arrow in Scheme 2, the corresponding rotaxanes 5 were afforded from a pair of enantiomerically pure prerotaxanes 3, respectively. The reactions of the resolved prerotaxanes 31st and 32nd with amine 4 proceeded quantitatively in C6D6 to give corresponding rotaxanes 51st and 52nd, respectively. The residue after removal of the solvent in the reaction mixture was subjected to GPLC and/or column chromatography on silica gel to give rotaxane 51st and 52nd without producing any dumbbell compound 6 and crown ether 1. The efficiency of the reaction was easily monitored by 1 H NMR. The aminolysis by the backside attack of amine 4 took place selectively. 1 H NMR spectra of a reaction mixture of aminolysis of 3 are shown in Figure 4 . H A signal of prerotaxane 3 (H A (3)) at 9.02 ppm decreased with increasing H A signal of rotaxane 5 (H A (5)) at 8.69 ppm without producing any ring compound 1, e.g., H a and H b signals at 5.02 and 4.60 ppm were not observed. Reaction proceeded fast (t1/2: 20 min) and selectively (rotaxane selectivity: >99%). Actually, 5 was obtained in high isolated yield (84%). The structures of rotaxanes 5 were characterized by spectral data. 1 H NMR spectra of rotaxane 5 and the corresponding dumbbell 6 are shown in Figure 5 . Significant downfield shift of the signal of the amide proton NH of the axle in rotaxanes 5 was observed relative to the corresponding signal of dumbbell 6 (δ 6.83 to 8.25), indicating the formation of hydrogen bonding between the amide hydrogen with the oxygen atoms of the crown ether moiety of 5. Two singlets assigned to the benzylic protons H a and H b of the crown ether became double double-doublets (H a , H a' , H b , and H b' ), evidencing that the ring components are threaded and interlocked by the dumbbell component 6 with different stoppers. More importantly, signals of homotopic methylene protons H C on the axle component became multiplet, because the methylene protons H C became diastereotopic in the chiral circumstance of the rotaxane structure-specific chirality generated by interlocking with C s ring component as shown in Figure 5 .
dumbbell 6 (δ 6.83 to 8.25) , indicating the formation of hydrogen bonding between the amide hydrogen with the oxygen atoms of the crown ether moiety of 5. Two singlets assigned to the benzylic protons H a and H b of the crown ether became double double-doublets (H a , H a' , H b , and H b' ) , evidencing that the ring components are threaded and interlocked by the dumbbell component 6 with different stoppers. More importantly, signals of homotopic methylene protons H C on the axle component became multiplet, because the methylene protons H C became diastereotopic in the chiral circumstance of the rotaxane structure-specific chirality generated by interlocking with Cs ring component as shown in Figure 5 . HPLC Chromatograms on Daicel CHIRALPAK IA shown in Figure 6 with the mirror images of the CD spectra shown in Figure 7a evidenced that obtained 51st and 52nd are pure enantiomers. HPLC Chromatograms on Daicel CHIRALPAK IA shown in Figure 6 with the mirror images of the CD spectra shown in Figure 7a evidenced that obtained 5 1st and 5 2nd are pure enantiomers.
dumbbell 6 (δ 6.83 to 8.25) , indicating the formation of hydrogen bonding between the amide hydrogen with the oxygen atoms of the crown ether moiety of 5. Two singlets assigned to the benzylic protons H a and H b of the crown ether became double double-doublets (H a , H a' , H b , and H b' ) , evidencing that the ring components are threaded and interlocked by the dumbbell component 6 with different stoppers. More importantly, signals of homotopic methylene protons H C on the axle component became multiplet, because the methylene protons H C became diastereotopic in the chiral circumstance of the rotaxane structure-specific chirality generated by interlocking with Cs ring component as shown in Figure 5 . HPLC Chromatograms on Daicel CHIRALPAK IA shown in Figure 6 with the mirror images of the CD spectra shown in Figure 7a evidenced that obtained 51st and 52nd are pure enantiomers. In order to evaluate the enantioselective complexation ability of the rotaxane, titration experiments of rotaxane 52nd with (R)-phenylglycinol (PGO) and (S)-PGO were carried out. Because chiral host molecules with 2,4-dinitrophenylazophenol moiety produce ammonium phenolate salts in complexation with PGO accompanying large spectral change in UV-visible region with clear color change [22] , there is a considerable chemical shift change of 1 H NNR signals assigned to the aromatic In order to evaluate the enantioselective complexation ability of the rotaxane, titration experiments of rotaxane 5 2nd with (R)-phenylglycinol (PGO) and (S)-PGO were carried out. Because chiral host molecules with 2,4-dinitrophenylazophenol moiety produce ammonium phenolate salts in complexation with PGO accompanying large spectral change in UV-visible region with clear color change [22] , there is a considerable chemical shift change of 1 H NNR signals assigned to the aromatic protons at low magnetic field.
As shown in Figure 8 , spectral and color changes of CHCl 3 solution of 5 2nd and (R)-PGO were observed. This observation shows that the extent of color change is clear enough as a sensor for naked eyes, and that the obtained rough extent of binding constant was around 100 L mol −1 . Then, 1 H NMR titration was revealed to be suitable for precise evaluation [52, 53] Table 1 , the determined binding constants of 5 2nd were (8.47 ± 0.40) × 10 1 L mol −1 for (S)-PGO and (1.25 ± 0.03) × 10 2 L mol −1 for (R)-PGO, respectively. The ratio of binding constants K R /K S was 1.48. Generally speaking, as perspectives with the ratio of binding constant, it is not enough for application as chirality indicator [19, 53] , but is promising for application as a chiral selector of a stationary phase for a chiral chromatography [54] .
(a) (b) Figure 7 . (a) Circular dichroism spectra of enantiomerically pure rotaxanes 51st (red) and 52nd (blue) in CHCl3 at room temperature ([51st] = 90.7 μM, [52nd] = 94.6 μM, cell length = 1.0 cm); (b) Uv-visible spectrum of 52nd under same condition.
In order to evaluate the enantioselective complexation ability of the rotaxane, titration experiments of rotaxane 52nd with (R)-phenylglycinol (PGO) and (S)-PGO were carried out. Because chiral host molecules with 2,4-dinitrophenylazophenol moiety produce ammonium phenolate salts in complexation with PGO accompanying large spectral change in UV-visible region with clear color change [22] , there is a considerable chemical shift change of 1 H NNR signals assigned to the aromatic protons at low magnetic field.
As shown in Figure 8 , spectral and color changes of CHCl3 solution of 52nd and (R)-PGO were observed. This observation shows that the extent of color change is clear enough as a sensor for naked eyes, and that the obtained rough extent of binding constant was around 100 L mol −1 . Then, 1 H NMR titration was revealed to be suitable for precise evaluation [52, 53] of complexation ability of host 5 with PGO. The 1 H NMR titration was carried out with 52nd and enantiomeric pair of amines (S)-and (R)-PGO in chloroform. Experimental details are filed in Supplementary Materials and Appendixes A-D. As shown in Table 1 , the determined binding constants of 52nd were (8.47 ± 0.40) × 10 1 L mol −1 for (S)-PGO and (1.25 ± 0.03) × 10 2 L mol −1 for (R)-PGO, respectively. The ratio of binding constants KR/KS was 1.48. Generally speaking, as perspectives with the ratio of binding constant, it is not enough for application as chirality indicator [19, 53] , but is promising for application as a chiral selector of a stationary phase for a chiral chromatography [54] . Abs.
λ / nm In CDCl 3 at 30 • C, 400 MHz.
Conclusions
We developed an efficient method of rotaxane synthesis based on an aminolysis of a prerotaxane, which proceeded with excellent selectivities and chemical yields. We also found that the rotaxane with mechanical chirality has complexation ability against chiral amine PGO, with high enough enantioselectivity to be applied as a chiral selector of the chiral stationary phase for chiral chromatography. 
